LETTERS TO THE EDITOR

Does Coronary Resistance Change Only during Systole?
This letter is intended to extend the discussion of Bellamy's (1978) intriguing analysis of diastolic coronary artery pressure-flow relations in dogs during long diastoles. In reactive hyperemia (RH), he found practically linear diastolic pressure-flow relations. These linear pressure-flow relations led him to the conclusion that coronary resistance, R, remains constant during diastole, and consequently, extrapolation of this relation to zero flow was justified. The zero-flow pressure Pf-o found in this way varies during RH such that Pr-o is approximately 25 mm Hg immediately after release of a 15-second occlusion and progressively increases to a steady value of approximately 45 mm Hg. In mathematical terms, Bellamy presented his model of interpretation of the experimental results by Q = (P a -Pr_o)/ R, where Q (= coronary flow) and P. (= aortic pressure) are varying during diastole, and Pf-o and R are constant during diastole but can vary from beat to beat.
However, does the linear pressure-flow relation imply that coronary resistance is really constant? To examine this problem, I calculated pressure-flow relations, using a model based on assumptions contradictory to those of Bellamy. What would the pressure-flow relation look like if: (1) Pr_o remains constant during RH; (2) coronary resistance changes continuously during diastole of RH? The difference between the two models is elucidated with the aid of Figure 1 . Points A and B are defined by the pressure and flow at beginning and end of the first RH diastole of Bellamy's Figure 6 . Bellamy's model states that R is constant and, hence, a line might be drawn through A and B resulting in a Pf_o = 25 mm Hg. The present model assumes that Pr-o remains constant (40 mm Hg). Hence, the dotted lines through A and B represent imaginary pressure-flow relations holding at the instant of beginning and end of diastole, respectively. Would a time-varying coronary resistance lead to an apparently linear pressure-flow relation between A andB?
For the present calculations, it was assumed that R during a diastole varied linearly with time between the average coronary diastolic resistance of that beat and that of the following one. The aortic pressure was assumed to decline exponentially from a value of 100 mm Hg at the beginning of diastole and with a time constant of 4.5 seconds. It was assumed that all diastoles are of 2.5 seconds duration. Coronary flow was then calculated as a function of time from the time-dependent P« and R but with constant Pr-o.
Calculated diastolic flow-pressure relations are shown in Figure 2 by heavy lines. The calculated curves are only slightly nonlinear, and can be interpreted as being linear; by eye, they were extrapolated to zero flow. In Figure 2 , these linear approximations are represented by broken lines. The deviation between the calculated curves and their linear approximations are well within experimental error, as far as can be judged from Bellamy's paper. Figure 2 shows essentially similar features to Figure 6 of Bellamy's paper. In both figures, the extrapolated apparent zero-flow pressure immediately after release of flow is as low as 20 mm Hg and increases during RH. In the present results, however, the apparent P f _ 0 increases more rapidly than in Bellamy's study and also shows an overshoot during the course of RH. Nevertheless, the present analysis shows that (1) dynamic components of autoregulation may be significant but remain hidden within the scatter of the measurements, and (2) the determination of P f _ 0 during RH is very sensitive to these dynamic components.
Obviously, my intention was not to prove the validity of the present model. Bellamy points to the agreement in both the observed decreased diastolic coronary resistance and decreased zero-flow pressure at vasodilation obtained during RH, adenosine infusion, and decreased perfusion pressure (Mosher , 1974) . It might well be that the dynamic aspects of autoregulation also lead to misinterpretation of experimental results obtained by the last two vasodilatory mechanisms. However, for those two cases, insufficient information concerning the dynamics of autoregulation is available to verify this suggestion.
Notwithstanding my hesitation in accepting Bellamy's conclusions, an extremely important question is raised in his paper: Does coronary resistance change during diastole? According to metabolic models of coronary autoregulation (Duvelleroy et al., 1973; Granger and Shepherd, 1973) , a certain metabolite, arbitrarily denoted by X, regulates the coronary flow by adjusting the coronary resistance. An essential link in a metabolic model, which is not emphasized in Bellamy's paper, is formed by a feedback mechanism coupling coronary flow to the concentration of X, either by wash-out from tissue by blood (e.g., adenosine) or wash-in (e.g., oxygen) from blood to tissue.
Generally, coronary flow during diastole is higher than during systole, and consequently, wash-out and/or wash-in could be expected to be dominant during diastole. Therefore, according to a purely metabolic model, it is hard to understand that coronary resistance is constant in diastoles extending over 2.5 seconds and having a considerable flow. It would be possible if the feedback mechanisms act very slowly. However, as is clear from Figure 1 , the coronary resistance is able to change considerably during 2.5 seconds. Moreover, as has been shown by Belloni and Sparks (1977) (their Fig. 3 ), coronary resistance responds to an increased heart rate within seconds, applying a constant coronary perfusion. A second possibility allowing a constant diastolic coronary resistance is that several determinants of the concentration of X (e.g., wash-out by blood flow and production and breakdown by metabolic reactions) are counterbalancing each other. This last possibility might give the explanation for the linear relation between coronary flow and pressure during a 5-second heart block presented in Figure 9 of Bellamy's paper.
The possibility remains that a metabolic model does not fully describe coronary autoregulation of flow. Of course, with every contraction, there are perturbations of length of the vascular smooth muscle cells, and it is conceivable that myogenic-like mechanisms may play an important role. However, metabolites have been shown to influence coronary resistance, and therefore, a combined metabolicmyogenic model of autoregulation might work, in which only the desired set-point of coronary resistance is determined by metabolites.
In my view, Bellamy's excellent paper raises a number of important questions which will require further study.
Dr. Ir. Jos A.E. Spaan Department of Physiology and Physiological Physics Leiden University Medical Centre Wassenaarseweg 62 Leiden
The Netherlands CIRCULATION RESEARCH VOL. 45, No. 6, DECEMBER 1979 Reply to the Preceding Letter Dr. Spaan has pointed out an improbability in my interpretation of coronary pressure-flow relations. As reactive hyperemia flow falls, coronary resistance must undergo a substantial increase. If resistance during an individual diastole is constant, one is forced to conclude that the resistance during each beat increases only in systole. Dr. Spaan proposes a model in which diastolic resistance is not constant, even though it is calculated from a family of quasilinear pressure-flow relations superficially similar to those observed experimentally. Central to his model is the assumption that the true Pf_o is invariant. Although no definitive answer to Dr. Spaan's letter is possible until Pr-o can be measured accurately, there are two reasons why I consider his model untenable. First, the model requires that, as pressure falls to Pf-o, the course of the pressureflow relation for a peak flow beat must become increasingly convex to the flow axis. In beats with diastoles exceeding 2.5 seconds, resistance, denned as (P -Pf_o)/Q, would become vanishingly small by end diastole. My second objection is that there is evidence in other vascular beds that P f _ 0 does in fact change when vasomotor tone is altered (Nichol et al., 1951) . In our work, we have found that, in 8-to 10-second-long diastole induced by cessation of electrical pacing in dogs with complete heart block, reactive hyperemia flow persists at aortic pressures 20 mm Hg or more below the pressure at which resting level flow has stopped in the same preparation.
Nevertheless, it is clear that, when resistance is changing rapidly, an error may be introduced -by assuming that the reciprocal of the slope of an experimentally determined pressure-flow relation is equivalent to an instantaneous resistance. During the several seconds required to collect data for the observed "instantaneous" relation, the bed may have passed through a succession of different resistances. This possibility is shown in Figure 1 . The observed relation may be a composite of many different instantaneous relations bound by the relations existing in early and late diastole. The shape of the observed relation should depend on the time course of the resistance change. If resistance increased at a uniform rate, the observed relation might appear linear. If the rate of increase was initially rapid, the observed relation would be concave; conversely, if resistance increased slowly at first, the observed relation would be convex. Figure  1 suggests that, when resistance is rapidly increasing with time, calculating resistance directly from the slope of an observed relation may give a falsely low value, and estimating P f _ 0 by linear extrapolation may give a value that is falsely high. Errors in the opposite direction will be present when resistance is rapidly decreasing.
The magnitude of the error, however, should not be exaggerated. There is hardly any change in resistance at the peak of reactive hyperemia, and resistance increases by less than 10% per beat as flow falls to resting level.
Dr. Spaan is also concerned about the apparent absence of autoregulation during long diastoles. Although it is likely for the reason cited above that resistance does change during diastole in reactive hyperemia, it is not equally certain that resistance must change during diastoles of beats occurring at resting-level flow. In other vascular beds, autoregulation appears not to occur for 5-10 seconds after a sudden pressure perturbation (Guyton et al., 1973; Johnson, 1968) . Perhaps the coronary bed is more responsive, and autoregulation associated with accumulation of vasoactive metabolites does occur during individual diastoles, but the effect is hidden by a simultaneous increase in resistance in another segment of the bed associated with passive recoil of coronary vessels as perfusion pressure falls.
It is instructive to see how the coronary pressureflow relation appears when the bed vasodilates during a long diastole. Figure 2 shows preparation in which relations were constructed during 4-to 5-seconds-long diastoles induced by vagal stimulation. The peak flow reactive hyperemia relation shows the same apparent linearity as previously described, but the relation for resting flow is dramatically different. After a latent period of several seconds, the relation becomes curvilinear and, as vagal vasodilation continues, approaches the relation for maximum vasodilation. The failure to observe a similar change in spontaneously occurring diastoles of great length suggests that vigorous autoregulation does not occur before 3-4 seconds. Two final points: 1. Characterizing a pressure-flow relation in terms of resistance presupposes that coronary capacitance and inertial effects can be ignored.
2. The discussion has centered on resistance defined as (P -P f _o)/Q and has ignored resistance defined on the basis of the generally accepted view that the back pressure opposing coronary flow is venous pressure. Resistance defined as (P -P v )/Q is not constant during a diastole but, as shown by Wiggers many years ago, progressively increases as the beat continues. Whether resistance defined as (P -Pr_o)/Q has any physiological meaning remains to be seen.
Ronald F. Bellamy, M.D. Division of Surgery Letterman Army Institute of Research Presidio of San Francisco, California 94129
